We study a seesaw-type extension of the Standard Model in which the symmetry group is enlarged by a global U (1). We introduce adequate scalar and fermion representations which naturally explain the smallness of neutrino masses. With the addition of a viable scalar Dark Matter candidate, an original scenario of leptogenesis emerges. We solve the relevant set of Boltzmann equations and show how leptogenesis can be successfully implemented at the TeV scale. The constraints on the scalar mass spectrum are derived and the Dark Matter phenomenology is discussed.
I. INTRODUCTION
Now that we entered in the LHC era, the Standard Model (SM) of elementary particles can be definitively tested. Until now, the SM has been extremely successful, as no strong signals of new physics have been observed so far at particle accelerators. However other experiments have long-time evidences for the need of extensions of the SM particle content. Neutrino oscillations are the prime among them on the particle side, but the compelling gravitational evidences for the existence of Dark Matter (DM), as well as the observation of a matter-antimatter asymmetry in the Universe all call for new physics.
From neutrino oscillation experiments we know that at least two neutrinos should be massive with an overall mass scale m ν constrained by different observations: m ν 1 eV. More precisely, experiments with solar, atmospheric, reactor and accelerator neutrinos [1] - [10] set two mass scales in the theory, ∆m 2 and ∆m 2 A , which drive the solar and atmospheric neutrino oscillations, respectively [11] : Moreover, these experiments show that flavor neutrino mixing, described in terms of the PMNS [12] [13] [14] matrix, is characterized by two large mixing angles, θ 12 and θ 23 , and a small one, θ 13 [15] . On the cosmological side, the matter content of the Universe has been measured with precision by WMAP [16] . The resulting Dark Matter and baryon number densities, Ω DM and Ω B , are Ω DM = 0.229 ± 0.015 , Ω B = 0.0458 ± 0.0016 .
(
1.2)
Several gravitational observations confirm the existence of non-baryonic matter [17] , which is not accounted for in the SM. New physics extensions are then necessary and various viable DM candidates exist [17] . However, the real nature of DM is still elusive, as no direct proof has been observed -or firmly confirmed -so far [18] - [21] . The measurement by WMAP of the baryonic matter content of the Universe is in agreement with the value predicted by Big-Bang Nucleosynthesis from the observations of the primordial abundances [22] . However, an excess of baryons over antibaryons is observed, and the standard cosmological scenario fails to explain this Baryon Asymmetry of the Universe (BAU). Particle physics extensions of the SM are advocated to justify this: in relation with neutrino masses, the leptogenesis scenario [23, 24] constitutes one of the most elegant solutions. In this paper we study a minimal extension of the SM in which it is possible to address, in a consistent way, the three puzzles listed above. The model is based on a global U (1) B−L symmetry, which is spontaneously broken below the electroweak symmetry breaking (EWSB) scale. TheL charge is a generalization of the usual lepton number L, asL = L for the SM particles. The light neutrino masses are explained within a seesaw framework [25] , through the introduction of a SM singlet Dirac fermion N D , together with three Brout-Englert-Higgs scalar particles: two SU (2) W doublets H 1,2 and a SM singlet H 3 , which drive the EWSB by acquiring non-zero vacuum expectation values (vevs). All these extra degrees of freedom are charged under the global U (1) B−L symmetry. In e.g. [26] , neutrino masses were generated in models with similar scalar spectrum and/or based on a (spontaneously broken) global symmetry, although in different physical frameworks. In our scenario, when the seesaw scale is set in the TeV-range, such a particle content provides a UV-completion of the inverse-seesaw mechanism of neutrino mass generation [27] .
Nevertheless, with just this particle content, neither the observed amount of baryon asymmetry nor the Dark Matter abundance, eq. (1.2), can be accounted for.
In order to solve also these two important issues, we complete the model by introducing a Majorana neutrino N 3 and a complex scalar S. Both particles are SM singlets, although S is charged under the global U (1) B−L . The particle content of the model is summarized in Tab. I, together with the U (1) B−L quantum numbers of the fields. The new scalar S provides, after the breaking of U (1) B−L , a natural Dark Matter candidate, whose stability is guaranteed by a remnant Z 2 symmetry.
It is remarkable that the introduction of S allows a TeV scale scenario of leptogenesis. Indeed, as the Majorana field N 3 couples to N D and S, the out-of-equilibrium CP -violating decays of N 3 can generate a number density asymmetry in N D and S, resembling the standard thermal leptogenesis mechanism in the type I seesaw extension of the SM. However, in the present case leptogenesis is implemented in two steps: first an asymmetry in N D and S is generated by the decays of N 3 ; in a second phase, the Dirac neutrino asymmetry is transferred to SM leptons by sufficiently fast neutrino Yukawa interactions. The latter set a link between successful leptogenesis and viable neutrino mass generation via the seesaw mechanism. Finally, as in standard leptogenesis, non-perturbative sphaleron effects partly convert this lepton asymmetry into a net baryon number [28] .
In Section II we discuss neutrino mass generation through the (inverse) seesaw mechanism. In the subsequent Section III we tackle the problem of the BAU and study the constraints on the parameter-space of the model imposed by successful leptogenesis. The computation of the CP asymmetry and the set of coupled Boltzmann equations governing the number density evolutions are reported in the final appendices. In Section IV we discuss the scalar sector of the theory, deriving the mass spectrum and corresponding constraints. In Section V we study the possibility of having a viable Dark Matter in the model and comment on the possible observation of DM in direct detection experiments. Finally, in the last section we summarize the main results of the paper.
where we define y 12 = y
As usual in two-Higgs doublet models, the vevs of the two scalar doublets, v 1 and v 2 , are related to the EWSB scale:
GeV. As explained in Section IV, the hierarchy among the Higgs vevs is tightly constrained in our model, in particular from the presence of a massless Goldstone boson associated with the spontaneous breaking of the global U (1) B−L : phenomenological constraints enforce v 2 v 1,3 , and by convention we impose v 3 ≤ v. As we will see in Section IV, this hierarchical pattern is easily realized in the model. Typically, for |α| ≈ 0.01, M ≈ 1 TeV and a scalar spectrum with v 2 ≈ 10 MeV, v 3 ≈ 100 GeV, the neutrino Yukawa couplings are |y 1,2 | ≈ 10 −4 . The Yukawa interaction α H 3 N D N c D generates after EWSB a small Majorana mass term for the two chiral components of the Dirac field N D , which is then split into two quasi-degenerate Majorana fermions: they behave as a pseudo-Dirac pair [29] - [31] , with a mass difference of the order 2 v 3 |α|. Such scenarios have been studied in detail in [32] , where it was shown that a high-level of degeneracy prevents the Majorana nature of these states to be observed at colliders, LHC included. Indirect signals of TeV scale pseudo-Dirac neutrinos coupled to charged leptons can in principle be observed both in lepton flavor violating processes, e.g. charged lepton radiative decays i → j γ and µ − e conversion in nuclei, and in experiments searching for lepton number violation, such as neutrinoless double beta decay processes. For these processes, the contribution of the heavy neutrinos to the decay rate may be relevant/dominant in the case of M ≈ (100 − 1000) GeV, |α|v 3 /M ≈ 10 −3 − 10 −2 and for sizable neutrino Yukawa couplings, |y 1,2 | ≈ 10 −2 [33] . Finally, we remark that the coupling α is not strictly required in order to obtain two massive neutrinos, whereas the introduction of y 2 is mandatory. Actually, one can show that y 1 and y 2 are also sufficient to fully reconstruct the low-energy neutrino data, up to a normalization factor [34] . From eq. (2.5) we get the following relation:
This equation clearly shows that for y 2 = 0 or for (y 
III. TWO-STEP LEPTOGENESIS
Before discussing how the baryon asymmetry is generated in our scenario, let us briefly recall the standard picture of leptogenesis, based on the type I seesaw extension of the Standard Model. For a detailed discussion, see [35] and references therein. In the standard scenario, at least 2 massive right-handed (RH) neutrinos, which are SU (2) W × U (1) Y singlets, are introduced and couple to lepton doublets through Yukawa interactions. These singlets are Majorana fermions whose mass M R is not related to the electroweak scale and can assume arbitrarily large values. The RH neutrinos evolve together with the SM particles in a hot but expanding Universe; when the temperature drops down below M R , they start to decouple and decay out-of-equilibrium in both leptons and antileptons. If CP is violated in these processes, a non-zero asymmetry is produced, which is subsequently converted into a net baryon number by fast sphaleron interactions. The latter are non-perturbative effects, in thermal equilibrium above the EWSB scale up to temperatures T 10 12 -10 13 GeV [36] . Several interactions should be considered for an accurate determination of the efficiency of leptogenesis in producing a baryon asymmetry. Spectator processes play an important role in modifying the production/depletion mechanisms, most notably by spreading the lepton asymmetry into different species.
In the present case, given the particle content and the charge assignment listed in Tab I, the interaction Lagrangian receives, besides the operators of the seesaw sector in eq. (2.1), contributions from the extra Majorana field N 3 and the scalar S: where M 3 , µ and g can be set real by a redefinition of the phases of N 3 , S and H 3 . We impose N 3 to be heavier than N D and S. In this model, the generation of a baryon asymmetry proceeds in two different phases. In a first phase, which is similar to the standard leptogenesis scenario, an asymmetry in Dirac neutrinos N D and in S is generated by the out-of-equilibrium decays of the Majorana field N 3 . As we describe below, the CP asymmetry in N 3 decays is only possible after the introduction of S, carrying the same B −L quantum number as N D .
Besides decays and inverse decays, several scatterings affect N D and S asymmetries. All these interactions conserve the total B −L charge. In a second phase, owing to the neutrino Yukawa couplings, the produced N D and S asymmetries are transferred and reprocessed into a lepton asymmetry. In this second phase, the sphaleron processes partly convert the so produced lepton asymmetry into a final baryon number, as in the standard picture.
This model can thus be viewed as the SM augmented with a second Higgs doublet, combined with a hidden sector composed of the fields N 3 , S and H 3 . The two sectors share a conserved B −L charge through the Dirac neutrino N D . In that extent, the role of the neutrino Yukawa couplings is central both in the generation of light neutrino masses and in the production of a BAU, in agreement with observations.
A. The CP asymmetry CP In the standard leptogenesis scenario a CP asymmetry is generated by the interference between the tree-level and the one-loop corrections to the decay amplitude of the heavy Majorana neutrinos [24, 37] , owing to the presence of at least two heavy states. In our case, with only one heavy neutrino N D , no CP violation is produced in N D decays. On the other hand, a non-zero CP asymmetry can be generated by the addition of N 3 and S, from the interference between the tree-level and one-loop correction to N 3 decay amplitude, whose Feynman diagrams are depicted in Fig. 1 .
The detailed computation of the CP asymmetry in N 3 decays is provided in Appendix B. We report below the resulting expression in the limit M 3 M, µ S :
Despite of the fact that N 3 decays depend on the coupling constant g, the latter being a real parameter does not enter in the expression of CP , cf. eq. (B13). The only source of CP violation relevant for leptogenesis is the phase of the complex parameter α in the Lagrangian (3.1). It is remarkable that, in contrast to the standard leptogenesis scenario, there is no direct dependence of CP on the neutrino Yukawa couplings y 1,2 . Still, a connection between the leptogenesis CP -violating phase and the light neutrino masses exists and is actually provided by the imaginary part of α. We remark that the parameter µ in (3.2) enters in the mass splitting between the real and imaginary parts of S (cf. eq. (5.1)) and therefore determines which is the DM candidate of the model, as shown in Section V. Provided µ is not too much suppressed compared to M 3 and the phase of α is different from zero, CP takes sizable values. We typically have:
B. Asymmetry productions
We discuss now the salient aspects of leptogenesis in our scenario. We eventually distinguish between two stages of production, but we shall emphasize that these stages are not necessarily consecutive and may occur in the same temperature range. 
First Stage: processes at
We list below the processes relevant in the first step, where the asymmetries in S and N D are created. 3 Further details are given in Appendix C:
• Decays and inverse decays of N 3 : Fig. 1 ).
• ∆N D = ∆S = 2 scatterings: Fig. 2 ).
• ∆N D = ∆S = 1 scatterings: Fig. 3 ).
• S self-annihilation: S S ↔ H 1 H 2 (see Fig. 4 ).
Notice that the last process depends on interaction terms reported in the scalar potential of the model (see eq. (4.3)). However, it turns out to be numerically irrelevant, so we disregard the effect of this term in the following.
We display in Fig. 5 the interaction rates γ eq of some of the up-listed processes as function of the parameter z ≡ M 3 /T , where T is the temperature of the plasma. These rates are normalized by H(z) n eq N3 (z), except for the ∆N D = 2 rates which are normalized by H(z) n eq N D (z), as they only act as damping terms. 4 For illustration we fix M 3 = 50 TeV, M = 10 TeV and we choose representative values of g and |α| for the different panels. 5 We represent in each plot by straight (dashed) lines the computed rates assuming µ = 1 (100) GeV. For µ = 1 GeV, the cross-sections of the ∆N D = 2 scatterings a) are dominated by their s-and u-channels and scale as O(g 4 ). The For larger values of µ , e.g. µ = 100 GeV, the ∆N D = 1 processes b) and c) get sizable contributions from their t-channels (∝ g 2 µ 2 ) which dominate over the other channels for small values of α, as can be seen in the right panel of Fig. 5 . The different interaction rates where evaluated using the packages FeynArts [38] and FormCalc [39] . To this end, we implemented our model, L int eq. (A1), via FeynRules [40] .
The various interactions considered above control the amount of N D and S asymmetries produced during the first stage of leptogenesis. As the lepton asymmetry -and finally the baryon asymmetry-mostly depends on the amount of N D asymmetry produced in the first step, it is useful to introduce an efficiency factor η 1 defined through:
In this parametrization, Y X indicates the comoving number density of X, while z tr ∼ M 3 /M approximately marks the transition between the first and second stage: for z z tr , i.e. T M , N D decouples from the plasma and decays into leptons and antileptons. Given the numerous interactions considered above, the derivation of an analytic expression for the efficiency factor η 1 is quite challenging. Nevertheless, we perform a numerical evaluation of η 1 by solving the set of Boltzmann equations reported in Appendix C. The resulting efficiency is shown in Fig. 6 , where iso-contours of η 1 in the g − |α| plane are displayed, for M 3 = 50 TeV, M = 10 TeV and µ = 1 GeV (100 GeV) in the left (right) panel.
We first consider the case of small µ , left panel of Fig. 6 . In this case, the ∆N D = 2 scatterings are typically smaller than the decays and inverse decays, as shown in Fig. 5 . Depending on the value of α, the ∆N D = 1 scattering rates γ k N3 (k = a, b, c), may be in equilibrium when the N D asymmetry is produced. This occurs if
1 . (3.5)
As can be seen in the left panel of Fig. 6 , the efficiency η 1 strongly depends on whether the ∆N D scatterings are in equilibrium at T ∼ M 3 or not. In the case their rates are not fast enough, i.e. if the condition (3.5) is not satisfied, the production of N D and S asymmetries is mostly driven by decays and inverse decays of N 3 . This situation is very similar to the standard leptogenesis scenario, when ∆L = 1 scatterings are neglected. Therefore, we expect that larger values of the coupling g increase the washout effects. The strength of N 3 decays and inverse decays can be expressed in terms of the washout parameter
For g 10 −6 and M 3 ∼ O(10) TeV, decays and inverse decays act in a strong washout regime, where the efficiency is approximately given by [41] :
For smaller values of g, decays and inverse decays act in a weak washout regime, and the efficiency scales as
, in the case where the abundance of N 3 is vanishing at high temperatures.
In the opposite regime, when the ∆N D = 1 scatterings are fast enough and the condition eq. (3.5) is satisfied, an initial (anti-)asymmetry is produced at earlier times, due to the CP violation in scatterings, which is discussed in Appendix C. From We see that in this first stage, the efficiency of N D and S asymmetry production can be close to its maximum possible value in a large region of the parameter-space. However, this does not guarantee a successful leptogenesis, as this asymmetry should be transferred efficiently to leptons. We now concentrate on the second step of leptogenesis: the transfer of N D asymmetry to the lepton doublets. Once a lepton asymmetry is generated, the sphaleron processes which are active at the leptogenesis epoch convert part of it into a non-zero baryon number density. The second stage ends at the freeze-out of the sphalerons, that may occur before or right after EWSB [42] .
We report below the main ∆ = 1 processes which participate in the lepton charge transfer mechanism:
• Scatterings on top quarks: the s-channel N D ↔ t q 3 and the t-channels N D q 3 (t) ↔ t (q 3 ). These processes are mediated by the exchange of the Higgs doublet H 1 and correspond to the ∆L = 1 scatterings in standard leptogenesis. Notice, however, that in our case lepton number is conserved.
• Scatterings on N 3 : N 3 S ↔ H 1 and N 3 S ↔ H 2 which are mediated by N D . A CP asymmetry emerges from these processes, as shown in Appendix C.
We do not include the scatterings involving gauge bosons in our evaluation of the baryon asymmetry. However, we do not expect these processes to have a quantitative impact. Indeed, they cannot act as a source term for the lepton asymmetry since no CP violation is possible in this case, in contrast to the standard leptogenesis scenario [43] . In addition, they tend to equilibrate the lepton and N D number densities, like the scatterings on top quarks considered above. Actually, it is shown in references [44] - [45] that these processes have comparable rates. The lepton doublet can also participate in ∆L = 2 N D -mediated scatterings, similarly to the standard leptogenesis case: H 1 ↔ H 2 and ↔ H 1 H 2 . In this case the scattering rate is proportional to both the neutrino Yukawa couplings, y 1 and y 2 . In a democratic scenario, that is for |y 1 | ≈ |y 2 |, provided the constraints from active neutrino masses, eqs (2.5) and (2.6) are satisfied, such ∆L = 2 scatterings are usually in equilibrium at the leptogenesis time. They are however greatly suppressed compared to the ∆ = 1 scatterings and turn out to be numerically irrelevant, as illustrated below.
In this second stage, all interactions depend on the neutrino Yukawa couplings y 1 and y 2 . In the limit where these couplings are zero, no lepton (doublet) asymmetry can be generated as basically both N D and S decouple from the SM sector. This clearly implies a lower bound on the values of y 1 and y 2 .
Let us discuss this bound, independently of the constraints from low-energy neutrino masses, as it sheds light on how this second stage works. To this end, we represent in Fig. 7 the processes relevant in the second step for the same set of parameters used in A lower bound on y 1 can be derived by demanding that the scattering rates on top quarks, denoted by γ
, are in equilibrium at T ∼ M , when acting as a source term for the lepton asymmetry:
Therefore, provided y 1 is large enough, the L-conserving scatterings are in equilibrium and can transfer the N D asymmetry to the lepton doublets. A similar lower bound arises for y 2 from the corresponding ∆L = 1 scatterings with gauge bosons. The main source of lepton asymmetry production may originate just from the decays of N D . Let us suppose, indeed, that the lower bound on y 1 , eq. (3.8), is not satisfied. Still, as we see from Fig. 7 , decays dominate over the scatterings at T ∼ M . For these decays to be effective in redistributing the N D asymmetry to leptons, the Dirac neutrino should be heavy enough, say M 10 × T sph , and the following condition should be satisfied:
In summary, for neutrino Yukawa couplings smaller than the bound above, the lepton number asymmetry production is not efficient. if only condition (3.9) is satisfied, almost all N D decays to leptons, and we expect that at the end of the second stage, the lepton asymmetry equals the amount of N D asymmetry produced in the first stage. For larger Yukawa couplings satisfying eq. 
The case of a light Dirac Neutrino
An interesting case is realized when the Dirac neutrinos are so light that they don't have enough time to decay before the freeze-out of the sphalerons. Demanding that the scatterings with quarks are in equilibrium, at least slightly before the sphalerons decouple, the condition (3.8) is changed to |y 1 | 10 −6 . Therefore y 1 should be at least larger than the electron Yukawa coupling. We illustrate this remarkable case in Provided that the neutrino Yukawa couplings are sufficiently large, an asymmetry in N D will be always transmitted to the lepton sector, regardless of the Dirac neutrino mass: we can therefore asset that no lower bound can be derived on M from leptogenesis.
In conclusion, once light neutrino mass constraints are applied, a lepton asymmetry is efficiently produced. A successful leptogenesis then only relies upon the amount of N D asymmetry produced in the first stage.
C. Successful leptogenesis
In the former subsections, we analyzed the conditions under which a N D asymmetry is efficiently produced during the first step of leptogenesis, and subsequently transmitted to the lepton doublets. Through the sphaleron processes, this lepton asymmetry is partly converted into a baryon number density. The sphalerons violate both lepton and baryon numbers, but conserve B − L: it is therefore more convenient to evaluate the B − L asymmetry. Given the different processes in thermal equilibrium during leptogenesis era, the final baryon asymmetry reads:
The derivation of eq. (3.10) is given in Appendix D. We illustrate in Fig. 9 the evolution of N D , S and baryon 4 × 10 −6 , two orders of magnitude larger than for µ = 1 GeV, cf. eq. (3.2), and so the baryon asymmetry in the former case will be bigger. Indeed, for µ = 1 GeV, Y ∆B ≈ 1.6 × 10 −11 while for µ = 100 GeV, Y ∆B ≈ 10 −9 . These values should be compared with the measurement of WMAP [16] :
In Fig. 10 , we made a scan over the two parameters α and g: the black points represent values of Y ∆B compatible with observations. 6 As we see, a successful leptogenesis is easily realized in our scenario, provided the CP asymmetry is big enough, that is CP 3 × 10 −7 , and the washout processes do not suppress the N D asymmetry in the first stage, i.e. η 1 few 10 −3 .
IV. THE SCALAR SECTOR
Given the charge assignment of the scalar fields in Tab. I, the most general scalar potential V SC invariant under SU (2) W × U (1) Y × U (1) B−L can be written in the following form
where V SB and V DM denote the symmetry breaking and dark matter scalar potentials, respectively:
Through rotations of the scalar fields, all parameters but h can be made real, while the dimensional parameters are assumed positive. The parameter h is in general complex, but we will assume in the following that h is real. The two scalar doublets H 1,2 and the complex scalar singlet H 3 are responsible for the breaking of
Given the charges of H 2 and H 3 , the discrete Z 2 emerges as a remnant symmetry of the global U (1) B−L after EWSB. Among the ten real scalar degrees of freedom, three of them are eaten through the Higgs mechanism, leaving a spectrum of seven physical scalars: two charged particles, H ± , two CP odd neutral scalars, A 0 and the massless Majoron J [46] , and three CP even neutral scalars, h 0 , H 0 and h A . We derive in the following subsections some constraints on the scalar sector parameter-space. An exhaustive phenomenological study, although of great interest, is beyond the scope of this work.
The minimization of the scalar potential with respect to H 1 , H 2 and H 3 vevs enforces three tree-level relations, that we use to define the quadratic terms µ i . Indeed, by parametrizing the Brout-Englert-Higgs fields and S as
4)
with
we get the extremum conditions
whereκ 12 = κ 12 + κ 12 andκ ij = κ ij elsewhere. The extremum obtained in (4.7) is an absolute minimum provided the Hessian of V SB is positive definite. Boundedness from below of the scalar potential requires the quartic couplings λ k to be positive, as well as a non-trivial relation among the couplings. Notice that, since both H 1 and H 2 are charged under SU (2) W × U (1) Y , they both contribute to the masses of the SM gauge bosons.
Among the numerous parameters of V SC , it is worth to emphasize the role of the trilinear coupling µ . In [47, 48] , a two-Higgs doublet model was built invariant under a U (1) global symmetry, explicitly broken by a term ∝ µ 2 φ † 1 φ 2 . Such term, for µ v induces a type-II seesaw among the scalar vevs of φ 1 and φ 2 : φ i φ j , i = j. As noted in [48] , such explicit breaking can be circumvented by the introduction of an additional scalar, say φ 3 , whose vev generates the required term: µ 2 = µ φ 3 . It is exactly along those lines that we build our scalar potential. Indeed, provided that µ in (4.2) is suppressed, µ 1 GeV, the minimization of V SC admits two possible hierarchical patterns for the vevs: v 3 v 2,1 and v 2 v 3,1 . As we will show below, only the latter is physically viable. One may wonder about the naturalness of such a suppressed mass parameter µ . Let us stress that very small values of µ are actually technically natural. Indeed, this term, as well as the couplings h and y 2 , are all terms linear in H 2 . By setting them to zero, one actually enlarges the symmetry group by an extra U (1) factor. Therefore, small values of these parameters are natural, in the 't Hooft sense [49] .
A. CP odd neutral scalars: A 0 and J Three CP odd neutral scalar fields arise from the spontaneous breaking of the electroweak symmetry: one pseudoscalar Z L , the longitudinal polarization of the gauge boson Z, one massive pseudo-scalar A 0 and the massless Goldstone mode, associated with the spontaneous breaking of the global symmetry U (1) B−L , the Majoron J . The mass eigenstates are obtained by the basis transformation
where R P S is a 3 × 3 orthogonal matrix
with ∆ = cos(γ) / 1 − cos(γ) 2 cos(β) 2 and the mixing angles β and γ are by definition
The angles β and γ control the coupling of J to SM fermions. Indeed, the interaction term relevant for the Majoron phenomenology is
and m f is the fermion mass. Strong constraints apply on these couplings, stemming from star cooling processes [52] . In particular, the experimental upper limit on the cooling rate of white dwarfs implies: |g J ee | 10 −12 . Then, from (4.10) and (4.12) we obtain in the limit β 1
implying v 2 0.2 GeV v 3 /v. As already stated at the beginning of this section, a hierarchical pattern of the type v 2 v 3 < v 1 can be easily fulfilled, as the scale of v 2 is directly related to the dimensional parameter µ : 14) which is suppressed compared to v 1,3 as µ can be naturally set to a scale much smaller than the EWSB scale. The second physical pseudo-scalar, A 0 , has mass
The actual value of M A 0 depends on the ratio µ /v 2 . Since the couplings of A 0 to the SM fermions are sin(β) suppressed, M A 0 and thus µ /v 2 are unconstrained. B. Charged scalars: H ± As in any two-Higgs doublet model, the charged scalar spectrum is composed of one physical field H ± and the eaten longitudinal degree of freedom W ± L . They are related to the interaction fields H 1,2 through the orthogonal transformation:
The charged scalar mass is given by 17) where in the last expression we used the approximation given in (4.15). Since M We introduce the CP even mass eigenstates h 0 , H 0 and h A , which are related to the interaction fields h 1,2,3 through the basis rotation:
In the limit µ , v 2 v 3 < v 1 , the CP even scalar mass matrix can be further simplified and R N S just consists in a rotation of angle θ between the eigenstates h 0 and H 0 . Moreover, at leading order in β, h A and the pseudo-scalar A 0 are degenerate in mass and both decouple from the other particles, so no constraints apply on M h A . Within this approximation and introducing as a shorthand
the masses of the neutral Higgs H 0 and h 0 and the mixing angle θ are given by the relations and M H 0 ≥ M h 0 . The mixing angle |θ| takes values from zero to π/2. The couplings of H 0 (h 0 ) to SM particles are given by the SM Higgs ones times cos(θ) (sin(θ)). For maximal θ ∼ π/2, h 0 couplings are unsuppressed compared to the SM case, so LEP-II bounds apply and M H 0 ≥ M h 0 114.4 GeV [54] . In the opposite case, with suppressed mixing angle |θ| 1, only H 0 get sizable couplings to the SM, and the former bound on M H 0 still applies. Conversely, for |θ| 1, LEP-II bounds are rather weak in constraining the mass of the lightest Higgs. Notice that h 0 contributes to the invisible Z decay; however, the Z −h 0 −J coupling is β 4 suppressed: this contribution is negligible and no relevant constraints apply on M h 0 from this decay. Nevertheless, for sin 2 (θ) 0.1, LEP-II bounds imply M h 0 80 GeV. In the following, we assume the conservative limit M h 0 114.4 GeV, which is valid for all values of θ.
An almost invisible Higgs boson
As occurs in models with multiple scalars, the Higgs bosons may decay invisibly. In our scenario, both H 0 and h 0 can decay into two Majorons, thus precluding their detection at present particle colliders, LHC included. The total decay widths of H 0 and h 0 are given by
In the equation given above the kinematical factor is κ(x, y, z) ≡ (x 2 − (y + z) 2 )(x 2 − (y − z) 2 ). We consider below for simplicity only tree-level two-body decays into identical final states. The decay probabilities of H 0 and h 0 to neutral scalars are proportional to the norms of the trilinear couplings, which at zeroth order in β read:
The decay probabilities of H 0 and h 0 into SM particles are similar to the SM ones, see e.g. [55] , modulo a dependence on the mixing angles θ and β. At tree level, for the decay probability into fermions, we have 25) where N c is the number of colors and m f is the fermion mass. The tree-level In the low mass region, M H/h 2 M W , neglecting the masses of the decay products, the Higgs invisible to visible decay width ratios are
The decay width to b-quarks is Yukawa suppressed, so the ratio above is simplified to
Consequently, for low masses, both H 0 and h 0 mostly decay invisibly. In the high mass regime, M H/h 2 M W , under the approximation that the Majoron channel constitutes the main invisible decay and the visible channel is mostly due to decays to gauge bosons, we have
From the previous estimate we infer that, for a maximal θ ∼ π/2, the heaviest Higgs boson, H 0 , decays prevalently into two Majorons, thus forbidding its detection at current collider searches. The opposite occurs for the lightest CP even scalar h 0 . On the other hand, for higher values of M H 0 (M h 0 ) and a sufficiently small (large) mixing angle θ, the visible decay rate of H 0 (h 0 ) becomes sizable. It dominates for very heavy Higgs bosons. In Fig. 11 we display the frequency at which the H 0 and h 0 decays channels are the dominant ones, displayed in the top and bottom panels, respectively. In order to produce this plot, we use the Higgs decay branching fractions computed by the program micrOMEGAs [56] , that we also use to study the Dark Matter sector, as discussed in Section V. As expected, we see from Fig. 11 that above the W threshold, the heavier the Higgs bosons the larger their visible decay rates. 8 Conversely, in the low mass regime the Higgs bosons are clearly unobservable as we explained above.
V. DARK MATTER
We discuss in this section the third building-block of our model: the existence of a viable Dark Matter candidate. Below the EWSB scale, the complex scalar S is split into two real components S 0 and S 1 , the lightest one being the DM. Real scalar singlets provide the simplest DM candidates, for which a large literature exists [57] . In our model, we shall stress two important aspects: first, the stability of DM is not an ad-hoc prescription, but results from the remnant Z 2 , S 0 or S 1 being the lightest particle odd under this discrete symmetry; second, we emphasize again that introducing the scalar S not only provides a DM candidate, but is also necessary in our leptogenesis scenario.
The masses of the two real components of S are:
The mass splitting in this case is controlled by the parameters h and µ . However, since v 2 v 3 , the latter term dominates and m S 0 ≤ m S1 for positive µ .
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As seen from V DM , eq. (4.3), S has several portal couplings to the Higgs fields, implying many annihilation channels [58] . Like in most of the singlet scalar DM scenarios, S easily gets a thermal relic abundance in agreement with cosmological requirements.
A. Relic density
The DM annihilation cross-section can generically be written as
where the effective coupling λ ef f indicates that each annihilation channel receives in general several contributions. When S annihilates into scalars, the cross-section is the (coherent) sum of the contact term interaction, for which λ ef f ∝ F i , cf. eq. 
where λ H/h W (m) were introduced in eq. (4.27). A similar expression holds for the annihilation into pairs of Z bosons. In the high mass range, S may also annihilate into pairs of charged H ± , or to pairs of CP even scalars h 0 and H 0 . Increasing the DM mass, the quartic couplings F i which control the DM mass, eq. (5.1), and the effective couplings λ H/h S S , eq. (4.24), should increase as well, so that the annihilation cross-section remains large enough, in order to obtain the observed DM relic abundance. 
Numerical evaluation
In order to accurately determine the relic abundance of S, we implemented our model in micrOMEGAs [56] , through the program FeynRules [40] . We then performed a scan over the full scalar parameter-space, by assigning random values to the different couplings. All λ and κ quartic couplings were varied from 10 −4 up to the perturbative bound 4π. The trilinear coupling h was chosen between 10 −6 and 10 −2 . The scalar masses were randomly varied from their experimental lower bounds, discussed in the previous section, up to 500 GeV. In particular, as regards the CP even scalar masses, recall that we impose the conservative bound M H 0 /h 0 115 GeV. We vary the mixing angle θ in the range: 0 ≤ |θ| ≤ π/2. For the unconstrained scalars h A and A 0 , their (almost degenerate) mass was varied between 1 GeV and 100 GeV.
The trilinear mass term µ was scanned over in the range (1-10 2 ) GeV, while µ typically took values between 10 eV and 10 MeV. Finally, µ S was varied from 1 GeV to 500 GeV.
We demand the relic density of S to account for all the DM abundance and to lie within the 3σ range of WMAP [16] :
We illustrate the relative contributions of the different annihilation channels in Fig. 12 . Binning the DM mass range into intervals of interest, we present the frequency at which a given channel is the dominant one. For example, before the W channel is kinematically open, i.e. for m S ≤ M W , we see from Fig. 12 that S annihilates only into pairs of J , A 0 and h A . For heavier DM mass, new annihilation processes are possible. In particular, annihilation into gauge bosons, charged scalars or CP even scalars tend to be the dominant processes. Notice that Fig. 12 only displays the frequency a given annihilation channel dominates in a given mass interval and not the relative contributions of the different channels.
B. Direct detection constraints
The Dark Matter can scatter on nucleons through scalar-mediated t-channels: the spin-independent (SI) elastic cross-section receives contributions from both h 0 and H 0 exchange, according to:
13: Spin-independent cross-section against mS: the blue points are the model predictions which provide the required relic density. The red line represents XENON100 results, extracted from [21] .
In this expression, µ S,n is the S-nucleon reduced-mass and m n the nucleon mass. The factor f n is the effective Higgs-nucleon interaction and varies from 0.14 to 0.66 [59] . The couplings λ H 0 and λ h 0 are given by
Assuming the conservative bound M H 0 /h 0 115 GeV, we see from the previous expression that for θ ≈ 0 (π/2) the main contribution comes from H 0 (h 0 ) exchange and σ SI n is then mostly affected by F 1 . Notice that, contrary to [60] , where the mixing suppression θ 1 was balanced by a very light scalar h 0 (M h 0 1 GeV), in the present scenario, taking M h 0 above the LEP-II bound drastically forbids such an enhancement. In the limit of small mixing angle θ, assuming f n ∼ 1/3, the SI elastic cross-section can be roughly expressed as 6) which shows that S can easily saturate current direct-detection bound for electroweak scale DM [18] - [21] . As we saw in the previous subsection, since the annihilation cross-section scales as (F k /m S ) 2 , the couplings F k should be sizable for large DM masses, otherwise S relic density would overclose the Universe. This, in turn, implies that for heavy DM the scattering cross-section on nucleons is almost independent of the DM mass, cf. eq. (5.5).
The dependence of σ SI n on m S in the low and high DM mass regimes is manifest in Fig. 13 . In this plot we compare the model predictions (blue dots) for σ SI n with XENON100 results [21] (red curve). We can see that while only a small region of the parameter-space is already excluded by current data, the next generation of direct-detection experiments would probe a large part of it [61] . Notice in particular that in the low mass regime high cross-sections can be reached, due to non-suppressed F 1,3 couplings. A light DM with large F 1,3 couplings is possible through a partial cancellation in eq. (5.1), which depends on the value of the parameter µ .
VI. CONCLUSIONS
In this paper we study a seesaw extension of the Standard Model based on a global U (1) B−L symmetry group, wherẽ L can be thought as a generalized lepton charge. This global symmetry is spontaneously broken at the electroweak scale. Suitable scalar and fermion representations are added to the SM particle content so that a tiny Majorana mass for active neutrinos is naturally generated, in agreement with neutrino oscillation experiments. More specifically, an extra Higgs doublet H 2 and a Higgs singlet H 3 are added to the SM, together with a heavy Dirac fermion N D . The lepton doublets and N D interact through neutrino Yukawa couplings which can violate the lepton number. When N D mass is set at the TeV scale, the model realizes a UV-completion of the inverse-seesaw mechanism.
We show that, with the addition of two extra SM-singlets in the model, a Majorana fermion N 3 and a complex scalar S, it is possible to explain quantitatively both the observed baryon asymmetry of the Universe through an original leptogenesis mechanism and the Dark Matter relic abundance. Leptogenesis in this model is implemented in two steps: first an asymmetry in N D and S is generated by the out-of-equilibrium decays of N 3 . In a second step this asymmetry is converted in a non-zero lepton charge due to fast neutrino Yukawa interactions. The latter constitute a link between leptogenesis and neutrino mass generation. We solve numerically the Boltzmann equations relevant for this two-step leptogenesis scenario and show that the observed amount of baryon asymmetry is easily achieved. We concentrate the discussion on a TeV scale scenario, and show that, provided neutrino mass constraints are fulfilled, no lower-bound on the mass of N D is imposed by the requirement of a successful leptogenesis. However, this scenario of leptogenesis is also viable at much larger scales. An important feature of this mechanism is that the source and damping terms do not depend on the same couplings, therefore large CP asymmetries can be obtained even in the regime of weak washouts.
In the second part of the paper, we analyze in detail the mass spectrum of the model and provide constraints on the parameter-space arising from low-energy physics. In particular, we show that the presence of a massless Majoron, which corresponds to the Goldstone boson associated with the spontaneous breaking of the global U (1) B−L symmetry, has an important impact on Higgs boson searches. Indeed, light Higgs scalars H 0 and h 0 , M H 0 /h 0 140 GeV, would mainly decay into pairs of Majorons, thus making difficult their observation at colliders, LHC included.
Concerning the scalar field S, after the breaking of the electroweak symmetry, the lightest component of S remains stable, due to the presence of a remnant Z 2 symmetry, and provides a viable candidate for Dark Matter. Its mass is unconstrained and can take values as light as few GeV up to few TeV. Numerous annihilation channels are present, allowing the relic DM density to be consistent with cosmological observations. We study the possible signatures of DM in direct detection experiments, and show that while the current constraints exclude already a part of the parameter-space, a large region may be probed by the next generation of detectors.
This model explains in a common framework three main experimental issues: neutrino mass generation, the baryon asymmetry of the Universe and the Dark Matter relic density. Many observables are predicted, but their measurements probe uncorrelated sectors, making this minimal extension difficult to falsify.
It is convenient to express I n in terms of adimensional quantities, mainly:
where κ is a kinematic factor introduced below eq. (4.20), B(s, t) = κ (1, s, t) 2 + 4s 2 and
Now we complete the integration over the phase space in the numerator of eq. (B1). The relevant integrals can be arranged in the form:
The full computation results in:
A similar computation applies for the denominator of eq. (B1). We have in this case:
The CP asymmetry in the decays
Taking into account the results obtained in eqs. (B9)-(B12) and the general expression (B1), we get the final expression of the CP asymmetry:
where
Therefore in the limit m S , M M 3 , which we are interested in, we get the approximation reported in eq. (3.2):
Im(α) .
+ 46/4 = 118.25. As already explained in Section III, the main source of N D and S asymmetry production during the first stage of leptogenesis are the CP -violating decays and inverse decays of N 3 ,
where CP is the CP asymmetry in the decays, defined in eq. (B1), and γ D is the CP conserving total decay width of N 3 . The last equality results from CP T invariance. We further include in the BE ∆N D = ∆S = 2 scatterings shown in Fig. 2 , whose corresponding collision rates are denoted as:
Note that, as in standard leptogenesis, N D S N D S processes mediated by N 3 in a s-channel develop an on-shell part, which is CP -violating. To avoid double-counting of this resonant part, already accounted for by the inverse decays, the on-shell contribution should be subtracted from the full N D S ↔ N D S scattering rate.
In addition to the standard source term given by the decays of N 3 , we include the CP violation arising from the 2 ↔ 2 scatterings involving an external N 3 , which also depends on the CP -violating phase α entering in CP , eq. (3.2). The CP asymmetry for each diagram is computed as in the standard leptogenesis scenario, e.g. [62] and [63] . However, in our model a contribution to CP asymmetry in the N 3 -scatterings arises from both s-, t-and u-channels, as depicted in Fig. 3 . The corresponding thermal rates, in this case, are:
The CP asymmetries in the scattering,
Here γ
, c = (s, t, u), corresponds to the s-, t-and u-channels of the different processes shown in Fig. 3 . Notice that, similarly to the ∆N D = ∆S = 2 scatterings considered before, as explained in [63] , we have to subtract the resonant CP -violating contribution of the 2 ↔ 3 processes in which N 3 is exchanged in s-channel. The non-resonant parts of such processes are not taken into account in our computation, since they are at higher order in the couplings.
As regards N 3 three-body decays, which are at the same order in the couplings as 2 ↔ 2 scatterings on N 3 , they are phase-space suppressed and so give a sub-leading contribution with respect to the two-body decays [63] , and we consequently do not include them.
We further consider the effect of S self-annihilations (see Fig. 4 ), which could washout the asymmetry Y ∆S for large values of the coupling h (see eq. (4.3) ). The related interaction density rate is noted
Several processes participate in the second phase of leptogenesis. Besides the scatterings on N 3 , the γ As already stated in Section III, the leptons participate in N D mediated ∆L = 2 scatterings: γ a ≡ γ eq ( H 1 ↔ H 2 ) and γ b ≡ γ eq ( ↔ H 1 H 2 ). We are ready now to report the complete set of Boltzmann equations relevant for the computation of the baryon asymmetry of the Universe in the two-step leptogenesis scenario described in the text. We include all the interaction terms introduced above and we use the simplified notation y N3 ≡ Y N3 /Y eq N3 , y ∆X ≡ Y ∆X /Y eq X and Y X ≡ (s H(z)) dY X /dz. At first order in the asymmetry (zeroth order for N 3 ), the full system of Boltzmann equations is the following:
The evolution equations of the antiparticles are obtained by taking the CP conjugates of the different rates. The Boltzmann equations of the number density (asymmetry) finally read: 
B. S self annihilations are always in equilibrium, but lepton number violating Yukawa interactions are still decoupled. An additional equilibrium condition is enforced:
Only two chemical potentials are independent, that we choose to be (µ B−L , µ N D ).
C. All interactions listed above, as well as lepton number violating Yukawa interactions, are in thermal equilibrium during the leptogenesis era:
In this case, all chemical potentials are proportional and can be expressed for example in terms of µ B−L .
The coefficients c X in eq. (D12), corresponding to the three cases listed above are reported in Tab. D. In the first two cases the final baryon asymmetry is given by
In the last scenario, which corresponds to the case discussed in Section III, where all the interactions listed above are in thermal equilibrium during the generation of the BAU, we have:
Notice that expressions (D15) and (D16) should be considered valid up to the decoupling of N D , i.e. for Γ N D H.
